Abstract-A critical step in estimating the ecological effects of a toxicant is extrapolating organism-level response data across higher levels of biological organization. In the present study, the organism-to-population link is made for the mysid, Americamysis bahia, exposed to a range of concentrations of six toxicants. Organism-level responses observed were categorized as no effect, delayed reproduction, reduced overall reproduction, or both reduced overall reproduction and survival. Population multiplication rates of each toxicant concentration were obtained from matrix models developed from organism-level endpoints and placed into the four categories of organism-level responses. Rates within each category were compared with growth rates modeled for control populations. Population multiplication rates were significantly less than control growth rates only for concentrations at which overall reproduction and both reproduction and survival were significantly less than the control values on the organism level. Decomposition analysis of the significant population-level effects identified reduced reproduction as the primary contributor to a reduced population multiplication rate at all sublethal concentrations and most lethal concentrations. Mortality was the primary contributor to reduced population growth rate only when survival was less than 25% of control survival. These results suggest the importance of altered reproduction in population-level risk assessment and emphasizes the need for complete life-cycle test data to make an explicit link between the organism and population levels.
INTRODUCTION
Linking toxicological effects across levels of biological organization has been a challenge to ecotoxicologists and risk assessors for decades [1] [2] [3] . The mode of action of a toxicant usually is defined at the cellular or physiological level, and its consequences are expressed at the organism level. In a hierarchical approach, the ecological consequences of organismlevel effects are modeled as population-level effects, which subsequently may be modeled as community-level effects. Of the steps in this hierarchy, understanding the link between organisms and populations is noted for its difficulty [4] . The field of aquatic toxicology has been rapidly integrating population matrix models to assess risk to populations from pollutants [5] [6] [7] [8] [9] . Despite the usefulness of many population models, the link between tangible organism-level measurements and theoretical population model predictions remains ambiguous [10] .
Altered survival, growth, and reproduction are the primary organism-level endpoints used to identify toxic effects on a species and are used as input for population models (i.e., matrix population models, dynamic energy budget models) to project population-level effects from organism-level responses [11, 12] . Matrix models are popular and useful tools for linking organism-and population-level effects, because demographic models account for differences among life stages throughout a species life cycle [13] . In the matrix model approach, the population multiplication rate () is calculated for populations exposed to a toxicant based on survival and reproduction and can indicate if a population-level effect occurs. Historically, the population endpoint of ϭ 1 has been a benchmark of * To whom correspondence may be addressed (raimondo.sandy@epa.gov).
population risk [14] . In deterministic models, populations with Ͻ 1 will decline, whereas those with Ͼ 1 will increase. Significant population-level effects, however, also may be defined as a significant decline in , where all values of remain greater than 1 [9] . A significant decline in results in lowered biomass production, leaving the population susceptible to further decline from predation, disease, or Allee effects. Additionally, significantly reduced values lead to more rapid extinction in stochastic environments [15] and, therefore, should be considered in population-level analyses of toxicant exposure on a species.
Linking organism-level to population-level effects is difficult when multiple organism-level effects are occurring, and it often is difficult to discern the contributions of organismlevel effects when present in combination. For example, in life-cycle tests using the mysid, Americamysis bahia, changes in reproduction and survival frequently are observed simultaneously, and effects occur at different magnitudes [16, 17] . In such cases, decreased values may result from decreased survival, reproduction, or a combination of the two [8] . Caswell [18] outlined a decomposition analysis for use with population matrix models that identifies the relative contribution of model parameters, derived from organism-level responses, to changes in . This approach has been applied in a number of toxicity studies [7] [8] [9] 19] , and it is a useful tool for partitioning the changes in in terms of model parameters and untangling the contributions of each parameter to changes in the population multiplication rate. Despite the integration of this analysis into population-level toxicity studies, several critical questions regarding the organism-population link remain, such as: Are organism-level responses more or less sensitive than population-level responses? Do all statistically significant organism-level responses result in population-level effects? What significant organism-level responses result in population extinction or significant declines in population multiplication rate? The present study addresses these questions by integrating the statistical analyses of organism-level responses with population matrix models and includes decomposition analyses to discern the relative contribution of organism-level effects. The link between organism-level responses and modeled population-level effects on the mysid, A. bahia, is demonstrated here using data collected from life-cycle exposureresponse experiments conducted for six different chemicals. Five of the toxicants are agricultural chemicals representing different classes of pesticides, and the sixth toxicant is a heavy metal ( Table 1 ). The six toxicants represent a range of mode of actions and organism-level responses (e.g., survival, reproduction). The organism-level effects of these chemicals on A. bahia have been described elsewhere [16, 17, [20] [21] [22] , as have the population-level effects of selected toxicants [8, 9] . The objective of the present study was to use a diversity of data sets to juxtapose organism-level responses with projected population-level effects and to determine general organism-level responses that result in a significant decline in the population multiplication rate.
MATERIALS AND METHODS

Mysid life-cycle toxicity tests
The effects of five pesticides (endosulfan, tribufos, fenthion, thiobencarb, and methoprene) and of one heavy metal (silver nitrate) on A. bahia survival and reproduction were obtained from previously conducted life-cycle exposure-response experiments for each toxicant. In each experiment, mysids were exposed to five or six concentrations of each toxicant that were selected to test mysid responses over a range of sublethal and lethal concentrations (Table 1 ). In each experiment, newly released juvenile A. bahia were obtained from ovigenerous females maintained in static, recirculating cultures. Juveniles less than 24 h of age were placed into each replicate of each treatment concentration. In the tribufos exposure, 20 individuals were used in each of three replicates. In the methoprene exposure, 15 juveniles were used in each of six replicates. In all other exposures, 15 juveniles were placed in each of three replicates. Daily survival observations were made at each exposure concentration throughout the test. Ovigenerous females were isolated and paired with mature males in brood cups made from glass Petri dishes and nylon net (mesh size, 210 m). Daily observations were made of the number of young released by each female. The duration of all tests was 28 d with the exception of fenthion, which was terminated after 26 d.
Throughout the tests, toxicants were delivered to the exposure tanks every 3 min using a proportional diluter as described previously by Schoor and McKenney [23] . Gas chromatography was used to determine the toxicant concentration throughout the duration of each experiment. With the exception of methoprene, measured concentrations were used in all statistical modeling. Detailed descriptions of each exposure experiment, including chemical analyses, can be found in previously reported accounts of the effects of these chemicals on A. bahia physiological performance and survival [16, 17, [20] [21] [22] . All experiments adhered to the U.S. Environmental Protection Agency chronic toxicity test guidelines [24] .
Population structure
The life cycle of A. bahia was divided into seven stages based on the physiology of the mysids throughout the life cycle [16] . Adult (breeding) stages during the fenthion test were unique, because females in the control group of this experiment released young earlier than those in the other five experiments. Thus, adult stages of fenthion were adjusted to maintain consistency of stage duration with other chemicals. The juvenile life stages of all chemicals were early juveniles (age, Ͻ24 h), juveniles (age, 1-4 d), and advanced juveniles (age, 5-10 d [8, 9] . Age at first reproduction is an important lifehistory variable that influences population dynamics [25] ; the designation of multiple adult stages afforded the opportunity to explore the effects of delayed reproduction on mysid dynamics.
Organism-level responses
Stage-specific survival and reproduction of mysids reared in different concentrations were determined for each toxicant. The data were tested for normality and homoscedasticity and did not meet the assumptions of parametric statistics. Assuming unknown but equal distributions, a Kruskal-Wallis test and a nonparametric comparison of control to treatment groups Modeling toxicity data from organisms to populations Environ. Toxicol. Chem. 25, 2006 591 were conducted to determine if stage-specific survival or reproduction differed significantly from that of the control treatment on the organism level [26] . For the analysis of survival data, the proportion of the original population alive at the end of each stage within each replicate was compared across each treatment level and the control. In a similar analysis, the number of offspring per female was used as the input for the reproduction comparison. Comparisons were made of the number of offspring per female within each stage as well as the total number of offspring per female within each replicate throughout the life-cycle test (overall reproduction). The survival analysis involved all seven life stages, and the reproduction analysis included all adult life stages. Because of the large number of multiple comparisons made in these analyses, the family-wise error rate was maintained at the 0.05 level by controlling the false discovery rate [27] . This method, historically applied to large genomic data sets, has been proposed as a suitable replacement for the Bonferonni correction method for analyzing large ecological data sets containing highly repeated or simultaneous tests [28] . Statistics were performed using S-PLUS statistics and computing software [29] .
Matrix model input
The modeling procedure that follows was conducted separately for each chemical. For each treatment concentration, x, we developed a density-independent, deterministic, stagestructured model with a projection interval equal to 1 d. The stages were composed of various numbers of days, and the time step of the projection matrix was equal to 28 d. The population projection matrix, A (x) , was composed of the probability of surviving and remaining in stage i, P (x) ; the probability of an organism growing from stage i to stage i ϩ 1, G (x) ; and the reproductive output of females in stage i, F (x) [8] . In each treatment matrix A (x) , the vital rates P, G, and F, denoted collectively as a ij , were calculated from the data obtained in the bioassays as
where was the stage-specific survival probability, ␥ was the transition probability, and m was the average number of offspring per female in stage i. The lower-order vital rates, and ␥, were calculated as
In Equation 2b, t was the duration of the stage interval, and was the population multiplication rate calculated as the dominant eigenvalue of the matrix A (x) . Because the estimate of ␥ required the eigenvector of the matrix that it was projecting, an iterative approach was used to calculate values of ␥ by setting an initial value of 1.1. The initial value of can be set as 1.0 for the first iteration [11] ; however, 1.1 was selected as the initial value here to avoid mathematical complications where the denominator of Equation 2b was reduced to zero. The resulting values of ␥ i were used to estimate the entries of a second matrix, which was then used to produce a second value of . Parameters were recalculated until the resulting values of were stabilized. The population multiplication rate, , can be related to the continuous-time rate of increase, r, because r ϭ log [11] .
Comparison of organism-and population-level effects
Each toxicant concentration was placed into one of four categories based on its statistically significant organism-level response: No effect, delayed reproduction, reduced overall reproduction, or both reduced overall reproduction and survival. Similarly, the control treatments of all chemicals were pooled into one ''control'' group. Although experiments were conducted in different years, the laboratory exposure system, temperature, and salinity were consistent for all experiments, and survival, reproduction, and resulting matrices of control groups also were consistent. The population multiplication rates obtained from the matrix model of each chemical concentration were then grouped according to the organism-level responses observed for each concentration. The data were tested for normality and homoscedasticity and did not meet the assumptions for parametric statistics. Thus, a Kruskal-Wallis test with a nonparametric comparison of control to treatment groups determined if the values of observed for each organism-level response group were significantly different from the corresponding control population multiplication rate.
For toxicant concentrations determined to have a significant population response in the above analysis, a one-way design of the decomposition analysis, as outlined by Caswell [18] , was used to determine which vital rate (P, G, or F ) contributed to the decline in values. Contributions of model parameters were then extrapolated to organism-level endpoints (survival and reproduction) to determine which organism-level response effected the population level at each toxicant concentration.
The decomposition analysis for each toxicant concentration, x, was a function of the difference between respective treatment and control vital rates (P, G, and F ), a ij (x) Ϫ a ij (c), and the sensitivity, s ij , of to the vital rate, ␦/␦a ij . Parameter sensitivity describes how much the value of changes if a change has occurred to the respective parameter and is estimated as
where w, the stable age distribution, was the right eigenvector of the matrix and v was the corresponding left eigenvector representing the reproductive value of each stage and ͗vw͘ was the scalar product. The difference between the population multiplication rate of the control, (c) , and each treatment, (x) , matrix is estimated by the difference in model parameters and parameter sensitivity such that
The difference among control and treatment vital rates was multiplied by the sensitivity of that vital rate at a matrix, A*, which was a matrix midway between the treatment, A (x) , and control, A (c) , matrices and was determined by Fig. 1 . Median population multiplication rate () for organism-level response groups. The y-axis error bars represent the upper and lower quartiles. Asterisks mark organism-level response groups that are significantly less than control population multiplication rates (KruskalWallis test, p Ͻ 0.001). DR ϭ delayed reproduction; NE ϭ no effect; OR ϭ reduced overall reproduction; RS ϭ reduced overall reproduction and survival. contribution of a vital rate to the change in the treatment with respect to the control was the sum of all its life-stage contributions at that treatment concentration [11, 18] . Matrix models were developed using Matlab Technical Computing Software [30] , and decomposition analyses were performed in S-PLUS statistical and computing software [29] .
RESULTS
The organism-level responses observed for A. bahia exposed to each toxicant concentration were no effect, delayed reproduction, reduced overall reproduction, and both reduced overall reproduction and survival with increasing concentrations (Table 2) . Delayed reproduction was indicated by reduced fecundity of early and/or intermediate breeders and was the first observable effect with increasing concentration of four chemicals (endosulfan, tribufos, fenthion, and thiobencarb). Significantly reduced overall reproduction (total number of offspring produced per female throughout the life-cycle test) was observed at intermediate concentrations for four toxicants (fenthion, thiobencarb, methoprene, and silver nitrate); for the chemicals that did not have delayed reproduction as an organism-level response (silver nitrate and methoprene), reduced overall reproduction was the first observable effect with increasing concentrations. At the highest concentration of each toxicant, survival was either reduced to zero before mysids reached reproductive age (thiobencarb and fenthion) or survival through the reproductive stages and the average number of offspring of the surviving females were both significantly less than the control group (SETAC Supplemental Data Archive, Item ETC-25-02-03; http://etc.allenpress.com).
The organism-level endpoints (survival and reproduction) determined at the end of each test were used as input for a matrix population model for each concentration of each chemical. A general decline in with increasing concentration was observed for each toxicant (Table 3 ). All chemicals except endosulfan had Ͻ 1 at concentrations where survival was significantly reduced. At concentrations with Ͻ 1, organismlevel survival was less than 50% of the original population at the end of the life-cycle test.
The analysis comparing organism-level responses and values found that growth rates modeled from no effect or delayed reproduction concentrations were not significantly less than control population multiplication rates. Population multiplication rates for chemical concentrations at which overall reproduction was reduced were significantly less than control population multiplication rates (Kruskal-Wallis, 2 ϭ 3.04, p Ͻ 0.001). Similarly, values from concentrations where both reproduction and survival were significantly reduced also were significantly less than control growth rates (Kruskal-Wallis, 2 ϭ 3.13, p Ͻ 0.001) (Fig. 1) .
Population-level effects were decomposed for toxicant concentrations where only overall reproduction or both reproduction and survival were reduced at the organism level. Because population multiplication rates were not significantly different than the control values for no-observable-effect concentrations or for concentrations at which only delayed reproduction occurred, the population-level decomposition analysis was not conducted for these chemical concentrations. The decomposition analysis partitioned the difference between the control and each treatment in terms of the relative contribution of the population parameters (P, G, and F ). Contributions of P and G were both derived from survival data and, thus, were combined to show the net contribution of organism-level survival on changes in .
For sublethal concentrations of each chemical, a negative net change in F provided the primary contribution to a decrease in (Fig. 2A , note the negative value of F for each chemical). The net contributions of P and G were near zero for each chemical, indicating that changes in survival-based model parameters did not contribute to the decline in over the range of sublethal concentrations. At lethal concentrations, the negative net change in F provided the greatest contribution to decline in for six of nine toxicant concentrations (Fig. 2B) . Declines in survival-derived parameters was the primary factor for the decline in for the three toxicant concentrations at which survival was less than 25% at the end of the life-cycle test 
DISCUSSION
The organism-level responses observed in the present study (delayed reproduction, reduced reproduction, and reduced survival) were typical of those considered in risk assessment. Although the power of our analysis was limited by low replication and high variability, our analysis was conservative to minimize spurious effects. This conservative approach, however, is confounded with the risk of not detecting an effect when no significant differences are found. To address this, we identified significant differences between treatment and control groups at the ␣ ϭ 0.05 level (SETAC Supplemental Data Archive, Item ETC-25-02-003; http://etc.allenpress.com). Inclusion of these effects did not change the category of organismlevel effect (delayed reproduction, reduced overall reproduction, or reduced survival) of any concentration and, therefore, did not alter the results or conclusions of the present study. The analysis of the six data sets showed that independent of mode of action, population-level effects occurred as the result of decreased overall reproduction and survival. Conversely, population multiplication rates modeled from concentrations that resulted in delayed reproduction were not significantly less than the control population multiplication rates.
At concentrations for which delayed reproduction was the only organism-level response observed, the increased reproduction in later life stages compensated for the reduced number of offspring released during earlier life stages, and the total number of young per female released throughout the life-cycle test was not significantly less than in control populations (SETAC Supplemental Data Archive, Item ETC-25-02-003; http://etc.allenpress.com). Variations in compensatory reproduction are common in the reproductive biology of vertebrates to offset the loss of offspring [31] [32] [33] . Although Stephenson et al. [34] found no evidence that compensatory reproduction counterbalanced delayed reproduction in Daphnia organisms exposed to pentachlorophenol, our data suggest this mechanism may occur in A. bahia exposed to sublethal effects of some toxicants in the laboratory. Alternatively, the toxicant stress may have delayed the entire reproductive period to later in the life cycle. Despite observations that reduced fecundity of only early breeders is less important in population-level risk assessment of mysids than the overall reproduction throughout the life-cycle test, population-level effect of delayed reproduction will vary with different life-history strategies. Stark et al. [35] demonstrated the importance of life-history strategy when conducting population risk assessments. For example, delayed reproduction of semelparous organisms may have a much greater effect at the population-level than that observed here. Additionally, the reproduction of a species is dependent on environmental conditions [36] , and any delay in the onset of reproduction can potentially result in reduced overall reproductive output as environmental conditions become unfavorable or resources become limited.
Significant reduction in at sublethal concentrations for which overall reproduction was significantly reduced shows that even when survival is not affected, reproductive effects alone can result in significantly lowered population multiplication rates. Although no values of were less than 1 at sublethal concentrations and would not result in deterministic extinction, significantly reduced population multiplication rates may place the population at risk, either from increased biological pressures or by making it more susceptible to environmental randomness. To understand fully the ecological significance of reduced population growth rate, species life history and natural dynamics must be incorporated into risk assessment. For example, classical K strategists generally have lower population growth rates than r strategists, and a 10% decline in growth rate may have more detrimental effects for the sustainability of the former [35] . Alternatively, r strategists generally inhabit environments that are exposed to greater stochasticity [37] , which may increase their risk of population decline [15] . Models based on laboratory assays are useful for isolating the effects of a toxicant on population multiplication rate, but the relationship of the test species to its natural environment, life history, and population dynamics is essential for ecological risk assessment.
Population multiplication rates were less than one at concentrations for which both survival and reproduction were significantly less than the control values for all toxicants except endosulfan. In deterministic models such as these, this indicates that the population will decline at these toxicant concentrations. Although further research must be performed to interpret laboratory-derived deterministic models in terms of field populations, these models provide the best assessment of population response available for these data at this time.
For all toxicant concentrations with Ͻ 1, survival was less than 50% of control survival at the end of the life-cycle test (SETAC Supplemental Data Archive, Item ETC-25-02-03; http://etc.allenpress.com). This suggests that at concentrations near the median lethal concentration (LC50), population multiplication rates approach one, supporting the findings of Kuhn et al. [14] , who observed high correlations of 96-h LC50 values and toxicant concentrations where was equal to one. The relationship between LC50 and ϭ 1 is evident in our analyses of thiobencarb and fenthion. Population multiplication rate fell below one at 345 g/L of thiobencarb ( ϭ 0.98) ( Table 3) , which corresponds to a LC50 of 330 g/L [38] . Similarly, the LC50s of fenthion have been measured between 0.15 and 0.44 g/L of fenthion [39] , which corresponds to the modeled value of Ͻ 1 at 0.30 g/L. Additionally, at lethal concentrations of endosulfan, survival was greater than 50% of control survival, and remained greater than 1. The analysis of tribufos, however, predicted Ͻ 1 at 0.61 and 1.18 g/L, concentrations that are considerably lower than the 96-h LC50 of 4.6 to 5.8 g/L [39] . This difference is explained in the decomposition analyses for these chemicals; at lethal concentrations of fenthion and thiobencarb that resulted in Ͻ 1, reduced survival was the primary cause of reduced population multiplication rate, whereas the decline in for tribufos was primarily the result of reduced reproduction (Fig. 2B) . Although LC50s for A. bahia are not available for the other toxicants, the silver nitrate analysis shows results similar to tribufos. At the concentration in which is less than one (138 g/L of silver nitrate), the decline in is caused primarily by reduced reproduction. The decomposition analysis of 124 g/ L of methoprene yielded results similar to the lethal concentrations of thiobencarb and fenthion; high mortality resulted in Ͻ 1.
The decomposition analysis showed that reproduction was not only the primary contributor to decreased at sublethal concentrations but also at concentrations in which survival was greater than 25% of control survival and Ͻ 1. Historically, a bias has existed toward mortality as the causal agent of local extinction of exposed populations [40] . In the present study, reduced reproduction was the primary organism-level endpoint contributing to the decline of in two-thirds of the toxicant concentrations at which Ͻ 1. These results support the need to consider organism-level endpoints other than survival and stresses the importance of overall reproductive output and chronic toxicity data in population-level risk analyses.
The decomposition analysis applied here was based on the sensitivity of to each model parameter. Elasticities are proportional sensitivities that determine which model parameters provide the largest contribution to the value of [11] and are applied in conservation efforts to identify a focal life stage for management practices [41, 42] . Previous elasticity analyses performed on the data sets used here found that P of advanced juveniles through early breeders (age, 5-20 d) had the highest elasticity, whereas the elasticity of F of all life stages was relatively small [8, 9] . Although elasticity analysis identifies the life stages that may be key targets for conservation efforts, the data presented here show that the magnitude of change in population parameters is an equally important factor to consider during population-level risk assessment of toxicant exposure. For example, both survival and fecundity of A. bahia exposed to endosulfan were significantly less than the control throughout the life cycle at lethal concentrations. Average survival of the life stages with the highest elasticities, however, was only 27% less than the control of the same life stages, whereas overall reproduction was 69% less than the control (SETAC Supplemental Data Archive, Item ETC-25-02-03; http://etc.allenpress.com). As such, population toxicity studies focusing only on life stages with the greatest elasticities may not reflect population-level effects accurately.
These results emphasize the need to use caution when using acute toxicity data to extrapolate population-level effects [43] . The present study demonstrates that LC50s are not necessarily the concentration at which ϭ 1, that population-level effects occur at Ͼ 1, and that reduced reproduction can result in population decline in deterministic models. Acute toxicity tests that focus on only one life stage (i.e., 96-h LC50) or model parameters with high elasticities may miss effects that occur during later life stages and may have considerable influence on population projection. Newman et al. [40] observed that many organism-level metrics have significant deficiencies as measures of effects on populations and that methods based on the extrapolation of population-level effects from them share their shortcomings. The determination of the stage-specific, organism-level responses that resulted in population-level effects for toxicants demonstrates that population-level effects can result from organism-level impacts occurring at any point throughout the life cycle and stresses the necessity of using chronic toxicity data to determine population-level effects of a toxicant on a species.
A key issue for regulation, and one addressed in the present study, is to determine if organism-level responses are more or less sensitive than population-level responses [44, 45] . The data presented here demonstrate that not all statistically significant organism-level responses (i.e., delayed reproduction) result in population-level effects in the laboratory, showing that the population may not be as sensitive as the organism in deterministic models [46] . Population sensitivity to toxicant exposure and subsequent risk, however, also is influenced by environmental and demographic variability [15] . The models presented here are deterministic and density-independent, and their predictability for populations in stochastic environments has not been validated thoroughly. Additionally, further research is necessary to determine how species-specific reductions in , even at Ͼ 1, influences population risk by integrating life-history traits and natural population dynamics. Linking laboratory-derived deterministic models with natural field populations and incorporating density dependence into the matrix models are a critical next step in population risk assessments.
A modern day paradigm of ecotoxicology is that organismlevel effects measured in standard toxicity tests are intended for use in predicting population-level effects, which are performed with ambiguous precision and accuracy [10] . The present study demonstrates that the link between organisms and populations is less ambiguous through companion analyses of chronic toxicity data and demographic population models. Although organism-level response data are tangibly quantified, population-level effects are a better measure of toxicant effects, because they integrate the interactions among life-history characteristics and provide a closer estimate of ecological impacts [46] . Rather than abbreviating organism-level tests to fast-forward to population-level responses, toxicologists should maintain the quality and completeness of organismlevel data to be used in a hierarchical perspective and integrate Modeling toxicity data from organisms to populations Environ. Toxicol. Chem. 25, 2006 595 the two levels of biological organization for a tangible assessment of ecological effects.
